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which allows precise sequential building of any de- 
sired number of discrete mono-molecular and/or 
mono-atomic layers, or monolayers, containing both 
organic and inorganic species, so that various com- 
bined or intercalated organic-inorganic layered struc- 
tures, or superlattices, with precisely predetermined 
monolayer order, in the direction of the layer stack- 
ing, may be produced on various solid substrates. 
Each layer may be made of one or a combination of 
several distinct chemical species, either organic or 
inorganic or organic-inorganic, and different layers 
may be deposited in various periodic or non-periodic 
sequences. The layers may be crystalline or amor- 
phous, with or without interlayer and/or layer-solid 
substrate epitaxial relationship. In addition, the built- 
up superiattice structure may be further modified by 
post-assembly intercalation and/or chemical modi- 
fication processes. 
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FIELD AND BACKGROUND OF THE INVENTION 

The present invention relates to a method of 
synthesizing superlattices and, more particularly, to 
a method for making layered structures, each layer 
being a mono-molecular or mono-atomic film, with 
compositional modulation from layer to layer. 

Recent advances in solid-state physics and 
related high vacuum technologies, such as Molecu- 
lar Beam Epitaxy (MBE) techniques, have led to 
the development of certain types of artificial semi- 
conductor and metal superlattices, raising interest 
in the potential applications of those superlattices 
in a range of novel microelectronic and optical 
devices (see, for example: T. Shinjo and T. Takada, 
"Metallic Superlattices", Elsevier, Amsterdam- 
Oxford-New York-Tokyo, 1987, and references 
cited' therein). 

Several techniques for depositing monolayers 
on a solid substrate are currently known. The tech- 
niques are limited to certain types of materials, 
requiring the use of expensive equipment, and are 
difficult to apply with precision since they are 
based on the deposition of an amount of chemical 
calculated to yield a coating layer which is statisti- 
cally a monolayer. 

The preparation of well-defined one-molecule- 
thick layers (monolayers) of certain organic com- 
pounds via spontaneous adsorption or chemisorp- 
tion of the molecular layer components from a fluid 
phase onto a polar solid surface in contact with the 
fluid phase was pioneered by Zisman and co- 
workers [W.C. Bigelow, D.L Pickett and WA Zis- 
man, J. Colloid Sci. 1_, 513 (1946)]. The basic 
monolayer self-assembly process involving the 
spontaneous formation of an ordered solid-support- 
ed monolayer at the solid-fluid interface without the 
assistance of mechanical deposition operations has 
been more recently extended to effect the con- 
trolled preparation of ordered multilayer films with 
well defined layer compositions and sequence [J. 
Sagiv, U.S. Patent No. 4,539,061 (1985); L Netzer 
and J. Sagiv, J. Amer. Chem. Soc., 105. 674 
(1983); L. Netzer, R. Iscovici, and J. Sagiv, Thin 
Solid Rims, 99, 235 (19B3); 100, 67 (1983)]. Such 
organic serf-assembling multilayer films are pre- 
pared by the repetition of a sequence of two-steps, 
involving first the spontaneous self-assembly on 
the selected solid surface of an ordered monolayer, 
followed by chemical modification of the outer ex- 
posed layer surface so as to create surface binding 
sites to which a next well-defined self-assembling 
monolayer of the same or a different material may 
adhere. Repetition of this two-step sequence, for 
each deposited layer, enables deposition of any 
number of discrete self-assembling monolayers, 
one on top of the other, in a precisely controllable 
fashion. 



The above described multilayer deposition 
methods are applicable to certain bifunctional mol- 
ecules, having both a terminal binding function at 
one end, and a non-binding moiety at the other end 

s of the molecule, or at some other position along 
the molecule. Such bifunctionality facilitates the 
oriented anchoring of the molecule, with the bind- 
ing function attaching to a polar solid surface or to 
a chemically modified film-coated surface, and with 

10 the non-binding moiety pointing away from the 
surface. The non-binding moiety should be a bind- 
ing site precursor, or possess a latent binding 
function, in the sense that its activation by an 
appropriate surface chemical operation can convert 

75 the non-binding moiety into an active binding 
group. It has been demonstrated that the use of 
such bifunctional layer-forming molecules ensures 
precise chemical control of the sequential deposi- 
tion of discrete monolayers, since the deposition of 

20 each additional layer in a growing multilayer struc- 
ture is possible only following the appropriate 
chemical activation of the binding site precursor 
groups of the previously deposited layer. 

A conceptually similar step-by-step chemical 

25 process for the controllable successive deposition 
of layers of inorganic ions from aqueous solutions 
onto solid substrates has been reported [Y.F. 
Nicolau, Applications of Surface Science, 22/23 , 
1061 (1985)]. This process makes possible the 

30 layer-by-layer deposition of polycrystalline or epi- 
taxial thin films of certain water-insoluble inorganic 
compounds. The process consists of an alternate 
immersion of the solid substrate in a solution con- 
taining a soluble salt of the cation of the compound 

35 to be deposited, followed by thorough rinsing in 
pure water and then by immersion in a solution 
containing a soluble salt of the anion. Rims of 
chalcogenide semiconductor materials, such as 
ZnS and CdS, have been constructed by this meth- 

40 od on various inorganic crystalline surfaces. 

It would be desirable to have a generalized 
method of creating superlattices of any desirable 
structure and chemical composition and involving 
any desirable chemical or physical bonding meth- 

45 ods between the monolayers of the superlattices, 
and which will yield precise monolayers without the 
disadvantages of the prior art. 

SUMMARY OF THE INVENTION 

50 

According to the present invention, there is 
provided controlled self-assembly process for the 
production of a composite organic-inorganic super- 
lattice structure attached to a solid substrate, the 
55 structure comprising discrete monolayers of or- 
ganic, inorganic and/or organic-inorganic species, 
the method comprising forming a first discrete 
monolayer on the solid substrate by spontaneous 
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adsorption/chemisorption of the layer constituents 
from an adjacent fluid, under conditions preventing 
self-adherence of the layer constituents on top of 
said first monolayer, and triggering sequential de- 
position of additional discrete monolayers in a dis- 
continuous, stepwise manner, each layer being 
formed by spontaneous adsorption/chemisorption 
of the layer constituents from an adjacent fluid, 
such that in each step self-adherence of the layer 
constituents on top of the respective layer is pre- 
vented. 

According to a further feature of the invention 
there is provided a process wherein the triggering 
of the deposition of a monolayer is effected by 
modification of the chemical nature of a latent 
binding function of the exposed outer surface of 
the last deposited layer, thus converting it into an 
active binding group which enables' the 
adsorption/chemisorption on top of it of an addi- 
tional discrete monolayer of a desired species, 
which may be the same or a different species. 

According to a further feature of the invention 
there is provided a process wherein the triggering 
is effected by alternating the deposition of layers of 
different species such that the species have ade- 
quate affinity to each other so that the exposed 
outer surface of a monolayer of one of the species 
enables the adsorption/chemisorption on top of it of 
an additional discrete monolayer of the other spe- 
cies. Adequate affinity includes lack of self-adher- 
ence affinity of the species. 

Each monolayer may be wholly organic or in- 
organic or organic-inorganic. The entire superlattice 
must contain both organic and inorganic species to 
fall within the scope of the invention. 

According to a preferred embodiment of the 
present invention, the superlattice contains organic 
monolayers formed from am phi phi lie molecules or 
chromophores and inorganic monolayers formed 
from a species containing a metal ion which may 
be mono- or polyvalent. 

According to further embodiments of the 
present invention, the solid substrate of the super- 
lattice is glass, quartz, a metal, a semiconductor, a 
polymeric or any other suitable amorphous or cry- 
stalline material. 

According to further embodiments of the 
present invention, a superlattice formed as above is 
modified through the intercalation of distinct chemi- 
cal species between the layers, with optional 
chemical modification of the intercalated species of 
the initial superlattice or of both. 

The present invention provides a chemically 
controlled self-assembly process which allows pre- 
cise sequential building of any desired number of 
discrete one-molecule thick and/or one-atom thick 
layers, each containing both organic and/or inor- 
ganic species, so that various combined or inter- 



calated organic-inorganic layered structures, or 
superlattices, with precisely predetermined 
molecular/atomic order, at least in the direction of 
the layer stacking, may be produced on various 

s solid substrates (Fig. 1). Each layer within these 
novel types of composite superlattices of the 
present invention may be made of one or a com- 
bination of several distinct chemical species, either 
organic or inorganic, and different layers may be 

io deposited in various periodic or non-periodic se- 
quences. The layers may be crystalline or amor- 
phous, with or without inte Mayer epitaxial relation- 
ship, and/or epitaxial relationship to the superlattice 
solid substrate. In addition, certain new species 

T5 may be formed following synthesis through pro- 
cesses of post-assembly intercalation, with optional 
further chemical modification. 

The present invention is of film building pro- 
cesses for the preparation of composite organ ic- 

20 inorganic superlattices. Within the scope of the 
present invention are methods of producing com- 
posite organic-inorganic superlattices featuring the 
following general properties: 

1. Each monolayer of the superlattice structure 
25 is obtained by self-assembly, i.e., as the result 

of spontaneous adsorption/chemisorption and 
self-organization of the molecular/atomic layer 
constituents at the interface of a selected solid 
substrate on which the superlattice is construct- 
30 ed and an adjacent fluid phase, such as solu- 
tion, melt or vapor, containing the layer constitu- 
ents (Fig. 2). 

2. The molecular/atomic constituents of each 
deposited layer and the physico-chemical con- 

35 ditions under which the 

adsorption/chemisorption of the layer constitu- 
ents is conducted must be selected in a manner 
which ensures the formation of a discrete mon- 
olayer of these constituents, with no deposition 

40 of material taking place beyond the amount re- 
quired to cover the given solid substrate with a 
compact, well-defined single monolayer of the 
appropriate material. Thus, there should be no 
physical or chemical affinity on the part of the 

45 layer constituents for the layer-covered surface, 
which might lead to serf-adherence and uncon- 
trolled deposition of additional material beyond 
that necessary and sufficient to cover the pre- 
vious surface with a monolayer. 

50 3. Deposition of additional discrete monolayers 
on top of a previously deposited layer must 
proceed in a discontinuous, stepwise manner. 
The formation of each new layer should require 
deliberate initiation by means of an externally 

55 switchable chemical triggering mechanism. As 
chemical "trigger" one could consider any ap- 
propriate change in the composition, or in any 
number of other physico-chemical parameters 
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characteristic of the environment of the solid 
substrate which is effective in modifying or af- 
fecting the chemical nature of the exposed outer 
surface of the solid substrate or of the last 
deposited layer in a way which will facilitate the 
adsorption/chemisorption of an additional dis- 
crete monolayer. This procedure ensures that 
precise external control is maintained on the 
otherwise spontaneous serf-assembly of each 
individual monolayer. 

The expressions "solid substrate" and 
"surface** as used herein are intended to encom- 
pass both the original solid substrate and the 
monolayers-covered solid substrate. 

The chemical "trigger" operation may consist 
of a surface chemical reaction resulting in the in- 
situ modification of a latent binding function, or 
binding site precursor, into ah active one, as de- 
fined by Sagiv in U.S. Patent No. 4,539,061, which 
is herein incorporated by reference in its entirety. 
According to the present invention there are many 
other methods for "triggering" the monolayer self- 
assembly process. Under certain conditions it may 
even occur that the alternate deposition of one 
layer will automatically trigger the deposition of 
another layer. For example, while each of the con- 
stituents in the adjacent fluid should not adhere to 
its own layer, each of them may have sufficient 
affinity for the other, so that the deposition of a 
layer of one of the materials automatically creates 
an exposed outer surface on which adsorption of a 
layer of the other material may occur. In this case, 
layer self-assembly and triggering occurs in one 
single step (Fig. 2). 

The chemical "trigger" is thus to be regarded 
as any operation or sequence of operations, involv- 
ing chemical, photochemical or electrochemical 
processes or reactions. Such processes or reac- 
tions may be mediated by various chemical 
reagents, electrical current, electromagnetic radi- 
ation of any wavelength, electric or magnetic fields, 
electron or ton beams, electric discharge, or plas- 
ma of any type. Other triggering mechanisms in- 
cluded are ion/molecular exchange processes, 
adsorption/chemisorption of any appropriate organ- 
ic, inorganic and/or organic/inorganic species from 
a solution, melt or vapor phase, change in the 
nature of the solvent, such as from organic to 
aqueous or vice versa, change in the composition 
of the solvent or composition of a vapor phase 
environment, change of temperature, pressure, va- 
por pressure, or any other chemical or physical 
operation or set of operations which are effective in 
modifying the exposed outer surface of a solid 
substrate, or that of the last deposited layer of a 
solid-supported superlattice structure, so as to fa- 
cilitate its utilization as "active" substrate, i.e., as 
substrate on which the self-assembly of a new 



layer of one or of a mixture of selected materials is 
possible. 

Organic-inorganic superlattice structures of the 
types described in this invention have potential 

5 commercial applications as polar non-centrosym- 
metric thin films exhibiting non-linear optical re- 
sponse (second harmonic generation, SHG), fer- 
roelectricity and piezo and pyroelectricity, thin films 
exhibiting planned photoelectric effects, specific 

w electrochemical and photoelectrochemtcal re- 
sponse, photochrome and electrochromic effects, 
electrical rectification (diode effects), magnetic thin 
films with ferromagnetic, antiferromagnetic or para- 
magnetic properties, thin films exhibiting selective 

is permeability towards certain molecular and ionic 
species (selective membranes), ultrathin coating 
films exhibiting controllable adsorptivity or control- 
lable lateral diffusion or transport characteristics 
towards certain selected molecular and/or ionic 

20 species, superconducting films, films exhibiting 
other useful chemical, electrochemical, photochem- 
ical, optical, electric, magnetic, permeation, diffu- 
sion or lateral transport property. 

Applications of superlattice films according to 

25 the present invention are of value in a number of 
novel electronic, optical and optoelectronic micro- 
devices, devices based on superconducting effects, 
sensors of various types, photocells and photoelec- 
trochemical cells, including use in solar energy 

30 conversion, display technology, special ultrathin 
coatings for optical fibers, semiconductors, metals, 
ultrathin separatory membranes and ultrathin coat- 
ings for the production of molecularly engineered 
adsorbents for various chromatographic, elec- 

35 trophoresis, or related separation processes, ul- 
trathin coatings for various metal or semiconductor 
materials, for use as molecularly engineered elec- 
trodes in various applications based on electro- 
chemical and/or photoelectrochemical processes, 

40 ultrathin film coatings with desirable special prop- 
erties for any polymeric or mineral material, includ- 
ing porous material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

45 

The invention is herein described, by way of 
example only, with reference to the accompanying 
drawings, wherein: 

Fig. 1 is a schematic illustration of an artificial 
so superlattice structure, with A, B, C, .... represent- 
ing different molecular/atomic species. 
Fig. 2 depicts schematically a general scheme 
of the construction of artificial superlattices via 
chemically controlled self-assembly. 
55 Fig. 3 is a schematic illustration of the chemi- 
cally controlled self-assembly of superlattice 
structures made of monolayers of organic long 
chain amphiphiles and inorganic metal ions, 
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showing different possible, modes of inter and 
intralayer bonding. 

Fig. 4 depicts FTIR-ATR spectra and difference 
spectra recorded in the Attenuated-Total-Reflec- 
tion mode at an angle of incidence of 45 * , s 
showing the contribution of individual layers in 
an 8-layer superlattice film structure with ionic 
bonding to the solid substrate (ZnSe ATR cry- 
stal plate) and interlayer bonding of the ionic 
(phosphate-Ca 2 *-carboxylate, first 4 layers), and w 
covalent (silyl-carboxylate, next 4 layers) types. 
Fig. 5 is a schematic representation of the com- 
position of some superlattices of organic long 
chain amphiphiles with Al 3 and Ca 2 ions, in- 
volving different modes of inter and intralayer is 
bonding. 

Fig. 6 is a schematic representation of the step- 
wise assembly of a noncentrosymmetric polar 
superlattice structure with alternate layers of an- 
isic acid chromophores and silver ions (AA- 20 

AO*)- 

Fig. 7 is a schematic representation of the step- 
wise assembly of a noncentrosymmetric polar 
superlattice structure with alternate layers of be- 
nzyl orange chromophores and silver ions (BO- 25 
Ag*). 

Fig. 8 is a schematic representation of the depo- 
sition of a layer of Ag ions, from an aqueous 
solution of the Ag*-p-toluenesurfonate (PTS) 
salt, on the outer surface of an AA (anisic acid) 30 
monolayer, and the surface ion-exchange pro- 
cess involved in the replacement of one mon- 
olayer of PTS ions by one monolayer of anisate 
ions, upon immersion in an organic solution of 
the neutral AA molecules. 35 
Fig. 9 shows UV spectra (measured in direct 
transmission at normal incidence) of one mon- 
olayer of AA-Ag* [silver anisate(4-methoxyben- 
zoate)] and one monolayer of DDBA-Ag (silver 
4-dodecyloxybenzoate) adsorbed on each side 40 
of a quartz slide precoated with an anchoring 
Cis-silane-carboxylate monolayer (as in Fig. 6). 
Fig. 10 shows FTIR spectra and difference 
spectra (measured in direct transmission at nor- 
mal incidence) of same DDBA-Ag specimen as 45 
in Fig. 9, showing the individual contributions of 
the anchoring si lane monolayer (upper curve) 
and the DDBA-Ag* monolayer (middle curve). 
The spectrum of an incomplete DDBA (4- 
dodecycloxybenzoic acid) monolayer adsorbed so 
on each side of a bare quartz slide is also 
shown for comparison (lower curve). 
Fig. 11 shows a UV spectrum (measured in 
direct transmission at normal incidence) of same 
DDBA incomplete monolayer specimen as in 55 
Fig. 10 lower curve. 

Fig. 12 shows dichroic FTIR-ATR difference 
spectra (taken at an angle of incidence of 45 * ) 



of a monolayer of DDBA-Ag* absorbed on a 
silicon ATR crystal plate pre-coated with an an- 
choring Cis-silane-carboxylate monolayer (as in 
Fig. 6). 

Fig. 13 shows UV spectra (measured in direct 
transmission at normal incidence) of 1 , 2, 3^ and 
4-monolayers-thick film structures of AA-Ag ad- 
sorbed on each side of a quartz slide precoated 
with an anchoring Cis-silane-carboxylate mon- 
olayer (as in Fig. 6). 

Fig. 14 shows UV spectra (measured in direct 
transmission at normal incidence) of 1 , 2, 3 and 
4-monolayers-thick film structures of BO-Ag 
adsorbed from an aqueous solution of BO on 
each side of a quartz slide pre-coated with an 
anchoring CiB-silane-carboxylate monolayer (as 
in Rg. 7). 

Fig. 15 is a schematic illustration of the chemi- 
cally controlled self-assembly of composite 
superlattice structures with intercalated layers of 
organic long chain amphiphiles and CdS. 
Fig. 16 shows FTIR spectra and difference 
spectra (measured in direct transmission at nor- 
mal incidence) of a composite organic 
amphiphile-CdS trilayer structure assembled on 
each side of a quartz slide, following the syn- 
thetic route indicated in Fig. 15. 
Fig. 17 shows UV spectra (measured in direct 
transmission at normal incidence) taken at three 
distinct stages (as indicated by the respective 
inserts) during the assembly of same composite 
trilayer structure as in Rg. 16. 
Fig. 18 is a schematic representation of the 
post-assembly intercalation of positive metal 
ions into a superlattice multilayer structure of a 
long chain amphiphile with interlayer coupling of 
the hydrogen- bond type (between -COOH and 
-SiOH moieties). 

Rg. 19 shows FTIR spectra and difference 
spectra of a bilayer structure on Si, consisting of 
a first C1 s silane-carboxylic acid monolayer and 
a second Ci8-silane monolayer hydrogen-bon- 
ded to the -COOH groups of the first layer (as in 
Fig. 18), before (a) and after (b.c.d) post-assem- 
bly intercalation of Na*. Cu 2 * and Fe 3 * ions, 
respectively. 

DESCRIPTION OF PREFERRED EMBODIMENTS 



The present invention may be better appre- 
ciated through the following detailed description of 
several types of embodiments and associated ex- 
amples, which are included for illustrative pur- 
poses. 

Su perlattice Structures of Organic Long-Chain 
Bifuncti onal Amphiphiles with Intra and Interlayer 
Intercalated Inorganic Ions 
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The Afunctional organic amphiphiles described 
by Sagiv in U.S. Patent No. 4,539,061, are suitable 
for the construction of ion-containing superlattice 
structures according to the present invention. In- 
organic ions, cations or anions, may be included as 
distinct constituents in such structures. Ions ca- 
pable of multiple coordination or with formal 
valency higher than one are preferred because of 
their ability to bind mu bidirectional ly and the re- 
markably improved structural flexibility, tenacity 
and physico-chemical stability which such ions 
thereby confer to the respective overall structures. 

Fig. 3 provides, for illustrative purposes only, 
schematic examples of a number of specific syn- 
thetic routes enabling the stepwise construction of 
ion-containing organic-inorganic superlattice struc- 
tures with interlayer coupling based on practically 
any type of known interlayer chemical bond, such 
as ionic, covalent, coordinative, or combined bind- 
ing modes involving the simultaneous participation 
of any combination of covalent, ionic and coordina- 
tion bonds. Interlayer hydrogen-bonded structures 
are also possible, as described hereinafter. 

The Afunctional amphiphiles in Fig. 3 are C23 
and C19 normal aliphatic chains having 23 and 19 
carbon atoms, respectively, with a phosphate ester 
and respective chlorosilane binding function (polar 
head group) which is convertible into siloxane upon 
hydrolysis and condensation with a similar neigh- 
bor group, and a terminal ethylenic double bond, 
which serves as a latent binding function, with no 
intrinsic binding capability in its initial, inactivated 
form. Well defined, oriented monolayers of such 
Afunctional amphiphiles may be obtained on var- 
ious polar solid substrates by self-assembly via 
spontaneous adsorption/chemisorption from organic 
solutions, involving the anchoring of the polar head 
groups to the polar solid, and the exposure to the 
outer environment of the non-binding ethylenic 
double bond functions. 

In-situ surface chemical modification, or activa- 
tion, "oTlhe exposed ethylene double bonds, for 
example upon reaction with crown-ether-solubilized 
KMn(X in benzene [R. Maoz and J. Sagiv, Thin 
Solid Film, 132, 135 (1985)], leads to terminal 
carboxylic-carboxylate acid functions (-COOH; - 
COO") which serve as surface-immobilized active 
binding sites, to which a next monolayer may be 
anchored via an analogous self-assembly adsorp- 
tion process. The interlayer anchoring is achieved 
either by direct covalent coupling [(Fig. 3(g)] or via 
ionic and coordinative coupling, involving any of a 
large variety of inorganic cationic species [Figs. 3- 
(h) and (f)]. Various ion-exchange and compfexation 
processes may also be carried out on the surface 
utilizing these functions. 

The large variety of possible composition-struc- 
ture variations in the construction of multilayer sys- 
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terns based on organic and inorganic components 
of the types indicated in Fig. 3 is evident from 
Figs. 3(f), (g) and (h). Repetition of the adsorption 
and surface chemical modification steps [Figs. 3(a), 

5 (b)], with either the phosphate, the silane, or other 
amphiphiles (also including cationic species such 
as ammonium derivatives), and introduction of var- 
ious inorganic cations or anions, from either aque- 
ous or organic environments [Figs. 3(d), (c), (e)] 

10 may be utilized to achieve practically unlimited 
diversity in chemical composition, sequence, and 
total number of superimposed layers. 

Superlattice S tructures of Organic Chromophoric 
75 Molecules with Intra and Interlayer Intercalated In- 
organic Ions 

Hydrophobicity, which is a basic condition in 
the formation of insoluble Langmuir monolayers on 

20 water, is not required for the self-assembly of mon- 
olayers from a bulk fluid phase. The presence of 
highly hydrophobic moieties, such as long hydro- 
carbon or fluorocarbon chains, or saturated poly- 
cyclic units, such as steroidal skeletons, is thus not 

25 a necessary requirement in monolayer self-assem- 
bly. Consequently, various compounds, such as 
organic chromophores and other molecules with 
delocalized -n electrons, which may be of interest in 
connection with their special optical or electronic 

30 properties, can be successfully self-assembled into 
ordered mono- and multilayer structures. The prep- 
aration of active layers of chromophores, free of 
the superfluous, or even detrimental, presence of 
large and inert hydrophobic moieties, becomes 

35 possible via chemically controlled self-assembly. 

Chromophoric compounds suitable for use as 
layer components in the construction of superlat- 
tice structures according to the present invention 
must be equipped with appropriate binding func- 

40 tions and latent binding functions or binding site 
precursors. Their molecular geometry should be 
sterically compatible with the desired orientation 
and packing in an ordered surface layer, and the 
surface bound molecules should withstand the nec- 

45 essary chemical modification operations providing 
the chemical "trigger" for the deposition of addi- 
tional layers. The binding and latent binding func- 
tions in such chromophoric compounds may be 
selected as integral parts of the active 

so chromophore, or even as the entire chromophore 
itself, in which case the sequential deposition of 
such iayers on top of each other will result in new 
chromophoric entities, i.e., the initial ones after 
their modification as effected by the respective 

55 selected modes of intra/intertayer binding. Charge 
redistribution due to electrostatic forces, orbitals 
overlap, dipole-dipole, charge-dipole, and other in- 
termolecular interactions may determine the final 
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properties of such chromophoric superlattices. 

Superlattice Structures Combining Organic Mole- 
cules with Inorganic Semiconductor and Metal 
Components 

Fig. 15 depicts schematically the chemically 
controlled self-assembly of a family of composite 
superlattice structures with intercalated layers of a 
long chain hydrocarbon amphiphile and an inor- 
ganic chalcogenide semiconductor material (CdS). 
The deposition process in Fig. 15 consists of a 
sequence of chemical steps, each of which results 
in the addition of a discrete layer of just one 
chemical species, while providing the necessary 
trigger for the deposition of a next layer having 
affinity for the layer already deposited. Thus, a 
sulfide layer is generated on the outer surface of 
the organic monolayer through photochemical addi- 
tion of H 2 S to the terminal double bond of the 
hydrocarbon amphiphile, which creates a surface 
with high chemical affinity for Cd 2 * ions. A layer of 
cadmium ions may then be introduced by adsorp- 
tion from a solution of a soluble cadmium salt, 
followed by any desired number of additional sul- 
fide and cadmium layers, deposited sequentially 
from solutions of soluble salts of the respective 
ions [see Y.F. Nicolau, Applications of Surface Sci- 
ence, 22/33, 1061 (1985)]. The inorganic sulfide 
may be replaced, at any stage of this layer-by- 
layer build-up process by an organic thiol 
(mercaptan), thus yielding an outer layer of the 
respective cadmium thiolate (mercaptide), to which 
H 2 S may again be added through the above 
photochemical reaction. By selecting an appropri- 
ate sequence of such steps one may utilize pro- 
cesses such as those depicted in Fig. 1 5 to- create 
a large variety of composite superlattices in which 
CdS layers with the desired molecular thickness 
are intercalated with organic hydrocarbon layers of 
variable thickness. 

"Ul trasuperlattices" Combining Components of 
Each of the Aforementioned Types 

From the discussion above it is apparent that 
extremely complex superlattice configurations, with 
combined and intercalated components of any of 
the above categories, can, in principle, be obtained 
utilizing processes of chemically controlled self- 
assembly described herein. Such processes, se- 
lected to yield the desired structural and com- 
positional configuration to be created, should en- 
able the controlled deposition of different types of 
layers and mixed-type layers, in any desired se- 
quence and number. The possible assembly of 
such "utorasuper lattices" is expected to lead to 
novel molecularly-engineered materials exhibiting a 



wide range of desirable new properties. It also 
offers the ability to design artificial supramolecular 
assemblies capable of performing complex func- 
tions, by virtue of their preselected microarchitec- 
s ture. 

Post- Assembly Intercalation and/or Chemical Modi- 
fication 



io Composite organic-inorganic superlattices pre- 
pared by the sequential deposition of discrete mon- 
olayers, according to the chemicallyKxwtrolled self- 
assembly processes disclosed above, may be uti- 
lized as starting materials in the assembly of other, 

15 more complex, superlattices, using processes of 
post-assembly intercalation and/or chemical modi- 
fication. In general, the intercalation is achieved by 
replacing mobile atomic or molecular species, 
charged or neutral, located within the stable mul- 

20 ti layer backbone of a superlattice produced accord- 
ing to any of the processes disclosed above, with 
other mobile species diffusing from an adjacent 
fluid or solid phase brought in contact with the 
initial superlattice. Such intercalation processes 

25 may be repeated any number of times, in any 
practically useful manner, so as to create a large 
variety of new multilayer intercalated structures. 

This intercalation approach offers the additional 
possibility of simultaneous modification of some or 

30 all layers of a superlattice initially produced in the 
self-assembly process described above. The initial 
superlattice plays the role of a fixed 3-dimensional 
layered template which controls the intercalation of 
selected mobile species into an organized 3-d i- 

35 mensional structure with predefined architecture. 
Thus, various chemical species will be intercalated 
into various interlayer spaces of the initial superlat- 
tice, according to the chemical characteristics of 
the respective layers and respective intercalate 

40 species. 

Furthermore, either superlattices assembled by 
the step-by-step processes disclosed above, or 
superlattices constructed by post-assembly inter- 
calation, may be further modified by subsequent 

45 chemical transformations conducted on the entire 
superlattice and leading to the in situ generation of 
new chemical species in the superlattice layers or 
between them. Such transformations include 
chemical, photochemical, and electrochemical pro- 

50 cesses or reactions involving one or more superlat- 
tice species, or a superlattice species and one or 
more outer species diffusing into the superlattice, 
for example, from an outer gas, liquid or solid 
medium, including the solid substrate of the super- 

55 lattice, or a superlattice species and other species 
or a reagent located in an outer medium contacting 
the superlattice, including the superlattice solid 
substrate. 

7 
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A large variety ot such chemical conversion 
processes are conceivable, including chemical in- 
tralayer reactions or combinations, including also 
complexations and hydrogen bond formation, of 
two or more simultaneously or sequentially inter- 
calated species, reactions involving Xelectron 
transfer between species located in different layers 
of the superlattice, intralayer electron transfer, 
supertattice - outer medium electron transfer, 
superlattice - solid substrate electron transfer, de- 
composition reactions of supertattice species into 
new species, with or without diffusion of all or part 
of the decomposition products out of the supertat- 
tice, "chain" transformations involving several con- 
secutive or consequential processes of the kinds 
mentioned above. 

Finally, complex "superlattice-within-superlat- 
tice" structures may be assembled by sequential 
intercalation, with or without further chemical modi- 
fication, leading to the layer-by-layer formation of a 
new set of multilayers within all or a selectable 
portion of the inteiiayer spaces of the initial super- 
lattice. 

Post-assembly intercalated chemically-modified 
superlattices produced by the present process 
have applications of all the types mentioned above 
in the context of superlattices produced by chemi- 
cally controlled self-assembly. In addition, the mo- 
bility of intercalated exchangeable species confers 
upon the intercalated structures additional potential 
applications as: 

(a) active elements in new types of molecularly 
engineered chemical or electrochemical separa- 
tion processes, such as Molecular-Scale 
Chromatography or Molecular-Scale Elec- 
trophoresis, based on adjustable differences in 
the rates of diffusion and/or selective diffusion of 
molecular/atomic/ionic species of interest in ade- 
quately engineered supertattice interlayer 
planes; 

(b) miniaturized integrated sensor devices op- 
erating on the basis of chemical or electro- 
chemical separation processes of the kind men- 
tioned above, making possible the scaling down 
of analytical operations to micro quantities of 
material much smaller than can be achieved 
with presently known techniques of micro analy- 
sis; 

(c) precisely engineered thin films with special 
magnetic, electrical, optical and electro-optical 
properties; 

(d) novel thin film electrical conductors, with 
either or both electronic and ionic conductivity; 

(e) novel types of artificial layered superconduc- 
tors and high Tc superconductors; 

(f) novel thin films for high density information 
storage, such as magnetic storage, optical stor- 
age, photographic storage and chemical storage; 



and 

(g) novel composite films for photochemical and 
photoelectrochemical solar energy conversion. 

5 EXAMPLES 

The processes described above may be further 
understood with reference to a number of exam- 
ples which are described below. 

70 

Example 1: Superlattice Structures of Organic 
Long-Chain Bifunctional Amphiphiles with Intra and 
Interlayer Intercalated Inorganic Ions 

is A composite superlattice with 8 organic layers 
on ZnSe substrate, with ionic and covalent inter- 
layer bonds, was assembled while monitoring, as 
described below, various experimental* parameters 
related to the structure reactivity and structural 

20 stability of the layers on the ZnSe surface. 

A ZnSe ATR crystal plate (Harrick. single pass, 
parallelepiped, 50 x 10 x 3 mm, 45* aperture 
angle) was activated (cleaned) for adsorption by 20 
minutes extraction with boiling toluene in a Soxhlet 

25 extractor, followed by 10 minute exposure to argon 
plasma in a RF discharge apparatus (Harrick PDC- 
3XG). A first phosphate layer was adsorbed on the 
activated ZnSe surface by immersing the ZnSe 
plate for 15 minutes in a 4.0 x 10"*M solution of 

30 the C23 phosphate amphiphile (22-tricosenyl 
di hydrogen phosphate), in bicyclohexyl at ambient 
temperature, after which the plate was withdrawn 
and rinsed for 15 minutes in pure toluene at am- 
bient temperature. 

35 The synthesis of 22-tricosenyl dihydrogen 
phosphate can proceed as follows. The C23- 
phosphate-terminal double bond amphiphile was 
synthesized starting with the commercially avail- 
able 1 0-undecenoyl chloride and 1-mor- 

40 pholinocyclododecene (Fluka), and proceeding 
along a synthetic route leading to extension of the 
hydrocarbon chain 11 to 23 carbon atoms and final 
introduction of the phosphate ester function. The 
condensation of the 1 0-undecenoyi chloride with 1- 

45 morpholinocyclododecene in the presence of 
triethylamine in chloroform, followed by acid hy- 
drolysis, and the opening with KOH of the C1 2 ring 
of the resulting undecenoyl cyclododecanone, were 
performed by a procedure similar to that described 

50 by Hunig and Lucke [S. Hunig and E. Lucke, 
Chem. Ber. 92, 652 (1959)]. The C23 keto-acid was 
converted trJ~the respective tosyl hydrazone by 
stirring a mixture of the keto-acid and tosyl 
hydrazine in glacial acetic acid for 72 hours at the 

55 ambient temperature, after which the mixture was 
poured in water and the precipitated solid filtered, 
dried, and recrystallized from methanol. The tosyl 
hydrazone product was reduced with NaCNBhb in 
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acidic dimethytformamide (DMF) and sulfolane ac- 
cording to Hutchins et al. [R.O. Hutchins, CA 
Milewski and B.E. Maryanoff, J. Amer. Chem. Soc., 
95, 3662 (1973)]. The resulting C23 carboxylic acid 
was esterified with methanol by the dicyclohexyl- 
carbodiimide (DCC) method, in the presence of 4- 
dimethylaminopyridine (4-DMAP) in Benzene [B. 
Neises and W. Steglich, Agnew. Chemie Int. Ed. 
Engl. 17, 522 (197B)], and the methyl ester re- 
duced "to the C23 alcohol with UAIH4 in diethyl 
ether. Esterification of the C23 alcohol with phos- 
phorus oxychloride, followed by hydrolysis in H2O 
of the resulting C23 phosphorodichloridate, by a 
method similar to that of Cremlyn et al. [R.G.W. 
Cremlyn, B.B. Dewhurst, and D.H. Wakeford, Syn- 
thesis, 648 (1971); R.J.W. Cremlyn and N.A. Ols- 
son, J. Chem. Soc. (C), 2305 (1969)], and recrystal- 
lization from dioxane, afforded the final 22- 
tricosenyl dihydrogen phosphate product 

The monolayer coated surface obtained above 
is hydrophobic, autophobic and oleophobic, i.e., it 
is not wetted by water, by the adsorption solution 
or by a series of liquids usually employed in wet- 
tability studies, such as pure bicyclohexyl (BCH), 
n-hexadecane (HD), and toluene (employed in the 
present preparation as a rinsing solvent), producing 
typical contact angle values with no difference or 
only a very small difference between advancing 
and receding angles (no contact angle hysteresis): 
5T-49' for BCH; 43*-42* for HD; 10XT-98* for 
H 2 0. Repetition of the adsorption/rinse cycle did 
not lead to any further change in the amount of the 
adsorbed material, as evidenced by the IR and 
contact angle data, indicating the formation of a 
densely packed and well defined phosphate mon- 
olayer. 

The chemical modification (oxidation) of the 
outer exposed ethylenic double bond functions of 
the C23 phosphate monolayer into terminal K - 
carboxylate functions (the chemical "trigger" op- 
eration) was carried out by immersing the 
monolayer-coated ZnSe plate in a 1.0 x 10~ 3 M 
benzene solution of the KMnO* -crown ether com- 
plex, consisting of equimolar quantities of KMnO* 
and dicyclohexano-18-crown 6 (Sigma, 98%) dis- 
solved in benzene at ambient temperature, for a 
total period of time of about 44 hours. During the 
first hour of immersion in the KMn04 reagent, the 
plate was withdrawn every 5-10 minutes, rinsed 
with cold toluene and checked for the presence of 
residual double bond functions (by IR and wet- 
tability measurements). It was found that about 
80%-90% of the double bonds were oxidized within 
one hour, while much larger reaction times (up to a 
total of about 44 hours) were required to bring to 
completion the oxidation of the remaining unreac- 
ted functions. The reaction procedure finally adopt- 
ed was to perform 4 reaction cycles of about 1 0-1 2 



hours each, with thorough rinsing of the plate with 
cold toluene, and replacement of the KMnO+ -crown 
ether solution with a fresh one after the completion 
of each reaction cycle. After a total reaction time of 

5 about 44 hours, following this procedure, the outer 
monolayer surface consisting of carboxylate (- 
COO~K*) polar functions is wetted by each of the 
above-mentioned test liquids, i.e., it becomes both 
oleophilic and hydrophilic. The carboxylate surface 

10 functions were converted into free carboxylic acids 
(-COOH) by immersion for 10 minutes in a solution 
of 5% HCI in double distilled water, followed by 
rinsing with cold toluene. 

The conversion of the free acid functions into 

15 the respective Ca 2 * salt (-COCTCa 2 *) was accom- 
plished by immersion for 30 minutes in a 2 x 10~* 
M solution of CaCb in double distilled water and 
final rinse in cold toluene. 

A second phosphate layer was adsorbed 

20 through the formation of ionic bonds [as in Rg. 3- 
(h)] on the Ca 2 * carboxylate outer surface of the 
modified first layer in a manner identical to the 
adsorption of the first phosphate layer on the bare 
ZnSe surface, and the surface chemical modifica- 

25 tion and adsorption of two additional phosphate 
layers in the structure were carried out by the 
same procedures as described above for the first 
layer. Identical contact angles were measured on 
each of the four phosphate layers. 

30 Four additional silane layers were sequentially 
adsorbed on top of the four phosphate layers 
through the formation of covalent bonds [as in Fig. 
3(g)] from a 2.0 x 10" 3 M solution of the C13 silane 
amphiphile (18-nonadecenyltrichlorosilane-NTS) in 

35 BCH at ambient temperature (10 minute adsorption 
time) followed by thorough rinsing with cold 
toluene. Contact • angles similar to those of the 
phosphates were measured on each of the silane 
layers. 

40 The surface chemical modification of each of 
the silane layers was performed in a manner iden- 
tical to that of the phosphate layers, except for the 
immersion in the CaCb solution. 

Fig. 4 shows a series of ATR-FTIR (Attenuated 

45 Total Reflection - Fourier Transform Infrared) spec- 
tra and difference spectra recorded during the con- 
struction of the 8 organic layer superlattice struc- 
ture of this example. Curves 2-8 are different spec- 
tra, each n-th layer contribution being obtained as 

50 the mathematical subtraction of the spectrum of n- 
1 layers from that of the corresponding n-layers 
film (the composition of each layer in the structure 
is schematically indicated in the corresponding in- 
serts). For comparison, the spectrum of a mon- 

55 oiayer of the Ci 9 -silane adsorbed directly on the 
AnSe surface is also shown (first curve from right). 
The difference spectra provide evidence for the 
discrete deposition of individual layers in this 8 
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organic layer superlattice structure. The structural 
perfection of each of the 8 organic monolayers is 
demonstrated by the corresponding integrated 
peak intensities, which are constant and propor- 
tional to the chain length of the respective layer 
forming amphiphile, as well as by the typical and 
constant angles recorded for three representative 
liquids on each of the 8 layers. Observed differ- 
ences in peak width and position, between the 
phosphate and the silane layers, are indicative of 
significant lack of interlayer correlation as regarding 
the in-plane lateral distribution and packing of the 
respective paraffinic chains. Thus, the lateral mo- 
lecular distribution within each layer of a multilayer 
structure of this type may be largely independent 
of that of the layer located underneath it. Intralayer 
lateral interactions should, therefore, prevail in such 
situations. This suggests interesting possibilities as 
regarding the development of continuous, gap- 
bridging monolayers, applicable, among others, to 
the preparation of uttrathin molecularly engineered 
membranes. 

It should be emphasized that the quantitative 
conversion of the outer double bond functions into 
carboxylates, for which very long reaction times in 
the KMn04 -crown ether reagent were required, is 
not a prerequisite for the adsorption of a complete 
phosphate or silane monolayer on top of the 
chemically modified one. Due to intralayer bridging 
effects, mediated by the spontaneous formation of 
lateral intermolecular bonds (of the ionic, coord ina- 
tive, covalent, or mixed types), highly ordered com- 
pact monolayers may be obtained via self-assem- 
bly even on surfaces exposing a smaller number of 
active binding sites, compared to the number of 
molecules contained in a defect-free compact mon- 
olayer. Thus reaction times in the organic KMnO* 
solution of the order of one hour or less may be 
sufficient for regular deposition of monolayers of 
this kind. 

It should also be understood that various other 
reaction paths may be successfully employed for 
the activation of the outer double bonds. For exam- 
ple, quantitative oxidation of ethylenic double 
bonds by aqueous KMnCU is achieved in much 
shorter time (about 30 minutes or less), leading, 
however, to a mixture of surface polar functions, 
such as acids, aldehydes, alcohols, rather than to a 
single, well defined species. Very fast oxidation 
with O2 and FeCb as catalyst is described 
hereinafter. 

Other superlattice structures of long chain am- 
phiphiles with inorganic ionic components have 
been successfully constructed on silicon, glass, 
quartz and mica substrates, and similarly analyzed. 
Some schematic structural compositions of super- 
lattices of organic long chain amphiphiles with Al 3 
and Ca 2 ions, involving different modes of inter- 



and intralayer bonding are depicted in Fig. 5 where 
the hydrocarbon chain (with 18, 19, 22, and 23 
carbon atoms) are symbolically represented by 
segments containing only several CH 2 units per 

5 chain. They include (Fig. 5a) the silane-AI 3 -car- 
boxylate covalent-ionic-coordinative mode of bind- 
ing [as in Fig. 3(f)]. the phosphate Al 3 * -carboxylic 
acid ion ic-coordi native mode of binding (Fig. 5b), 
with the Al 3 * ion introduced from either aqueous or 

10 organic solutions of the AlCb salt, and similar 
structures with ions such as Cd 2 *, Fe 3 *, Zr 4 *, Ti* , 
Cu 2 *, Cu\ Ag\ Structures with carboxylate-Fe 3 - 
carboxyiate interlayer binding have also been con- 
structed, as well as structures with alternate layers 

is of different ions, such as phosphate-AI 3 -carboxylic 
acid and phosphate-Ca 2 carboxylic acid (see Fig. 
5b). 

Example 2: Superlattice Structures of Organic 
20 Chromophoric Molecules with Intra and Interlayer 
Intercalated Inorganic Ions 

Two examples of chromophoric superlattices 
containing metal ions, constructed by chemically 

25 controlled self-assembly, are illustrated in Figs. 6 
and 7, depicting schematically the controlled as- 
sembly of multilayers of anisic acid (AA) (4- 
methoxy benzoic acid) and benzyl orange (BO), [4- 
(4-benzylaminophenylazo) benzenesulfonic acid], 

30 respectively, with inter and possibly intralayer bind- 
ing mediated by Ag* ions. Each Ag ion may bind 
four, or even more ligands, in a planar or 
tetrahedrai configuration. The layer-by-layer depo- 
sition process in these chromophoric superlattices 

35 starts with an "anchoring" si lane-terminal ethylenic 
double bond monolayer, continues with the in situ 
chemical modification converting the double bonds 
to terminal carboxylic acid functions, and proceeds 
through the alternate deposition of layers of Ag 

40 ions using a soluble silver salt and layers of the 
respective chromophores. The first Ag layer binds 
to the exposed -COOH functions of the anchoring 
silane monolayer as silver carboxyiate salt species, 
while each of the next deposited Ag layers ad- 

45 heres to the outer exposed surfaces of the 
chromophoric layers via coordination, complex for- 
mation, with either the outer ether oxygens of AA 
(Fig. 6) or the outer amino and possibly phenyl 
groups of BO (Fig. 7). Each layer of chromophores 

50 binds to a previously deposited outer Ag layer as 
the respective silver sulfonate salt. 

It should be noted that the inter-intralayer bind- 
ing in both the AA and BO systems proceeds 
through moieties which are integral parts of the 

55 respective chromophores themselves. This implies, 
as mentioned above, that the resulting superlattices 
are actually composed of modified chromophoric 
species, in which Ag ions are attached to both 
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extremities of each chromophore. Charge redis- 
tribution is expected to occur in these silver- 
sandwiched" chromophores, leading to significant 
differences in their spectral, optical, and electronic 
properties, as compared with the respective silver- 
free species. 

Finally, it should also be noted that except for 
the first Ag* layer, binding to the -COO" ionic 
functions of the anchoring monolayer, electrical 
charge neutrality requires the presence of a nega- 
tive counter ion for each Ag ion coordinated by 
neutral ether oxygen or amino groups. Deposition 
of layers of such ionic species must thus involve a 
surface ton-exchange process, each layer of ionic 
chromophores (sulfonates, in this particular case) 
replacing an equivalent layer of surface attached 
negative counter ions. This further implies that 
surface-bound ionic chromophores should* also be 
replaceable by other negatively charged species. 

Experimental evidence confirming this ion-ex- 
change mechanism was obtained using ionic spe- 
cies that may be detected spectroscopics! ly 
through their specific absorbance in the UV-Vis or 
IR regions. For example, Fig. 8 shows schemati- 
cally the actual surface ion exchange process em- 
ployed in the construction of the AA-Ag and BO- 
Ag superlattices of Figs. 6 and 7. The silver salt 
utilized in these examples is that of the p-toluene 
sulfonate (PTS) chromophore, which forms an ori- 
ented self-assembly monolayer with molecular 
packing identical or very similar to that of the AA or 
BO chromophores. One layer of PTS is replaced 
by one layer of AA or BO molecules, as depicted 
in Fig. 8, while uncontrolled multilayer formation of 
Ag*-PTS species is not possible since Ag cannot 
bind to the outer -CH 3 groups of the oriented 
toluene moiety. PTS serves, therefore, as a conve- 
nient and easily displaceable Ag carrier, enabling 
the controlled deposition of well defined mon- 
olayers of the silver metal ion, in alternation with 
well defined monolayers of a suitable layer-forming 
chromophore. 

The layer-by-layer deposition process as well 
as the surface density and orientation of the 
chromophores in the resulting multilayer structures 
depicted in Figs. 6-8 have been followed using 
contact angle measurements and FTIR and UV-Vis 
spectroscopies in various surface-adapted configu- 
rations, also including dichroic measurements with 
linearly polarized radiation. For example, Figs. 9 
and 10 display the UV and IR absorbance spectra 
recorded for one layer of AA-Ag and one layer of 
a long-chain-substituted (C12 - carbon atoms) AA- 
Ag analog (4-dodecyloxy benzoic acid-DDBA), de- 
posited on an anchoring si lane monolayer on 
quartz. The spectra are corrected for the absor- 
bance of the anchoring monolayer and the quartz 
slide below about 220 nm. The AA and the Ct2- 



substituted chromophores can repeatedly replace 
each other on the Ag* -treated surface (of the an- 
choring monolayer), via the above-described ion- 
exchange process, the exchanged layers display- 

5 ing very similar UV absorbance curves (Fig. 9), 
which implies similar molecular packing and ori- 
entation of the respective chromophores on the 
surface, but significantly different contact angles, 
as expected on the basis of the different chemical 

10 constitution of the outer exposed surfaces pro- 
duced by each of these components. The C12 
hydrocarbon chain of the long-chain-substituted 
chromophore serves as a convenient IR and con- 
tact angle marker, allowing the evaluation of the 

15 molecular density of this compound on the surface. 
Thus, the contact angles measured on the AA- 
Ag* layer of Fig. 9 were 32* for BCH, 30* for HD. 
73-75* (advancing) and 65* (receding) for H2O, 
while those measured on the corresponding DDBA- 

20 Ag* layer were 51-52" for BCH, 42-44" for HD 
and 108-109" for H 2 0 (no detectable hysteresis). 
In the IR (see Fig. 10), a comparison of the in- 
tegrated intensities of the (-CH2-) stretching bands 
around 2900 cm -1 in the spectra of the anchoring 

25 silane monolayer [17(-CH 2 -) units, about 20 
Angstrom 2 /molecule] and the layer of the Ci2-sub- 
stituted chromophore [II-CH2-) units] points to a 
remarkably tight packing of the latter (about 21-22 
Angstrom 2 /chain), which would be possible only 

30 with the chromophores oriented perpendicularly on 
the surface. If the same DDBA chromophore is 
adsorbed as the free acid on a bare quartz surface, 
i.e., with no Ag ions attached to an anchoring 
monolayer, it forms an incomplete monolayer con- 

35 taining only 37% of the material present in the 
respective tightly packed layer, as shown in the 
lower curve in Rg. 10, and its UV spectrum, illus- - 
trated in Fig. 1 1 , displays a prominent peak around 
260 nm, as expected for such chromophores in a 

40 parallel orientation on the underlying surface. No 
such peak appears in the UV spectra of perpen- 
dicularly oriented AA-Ag chromophores. Accord- 
ingly, the contact angles of this incomplete layer 
were very low -28* for BCH, 19* for HD and 49" 

45 for H2O. 

Further evidence for the perpendicular orienta- 
tion of the AA-Ag* and DDBA-Ag* chromophores 
in the complete monolayers comes from FTIR-ATR 
polarized (dichroic) measurements on silicon. In 

50 Rg. 12, the two curves represent measurements 
with the polarization parallel to the layer plane 
(*— *) and the polarization having both parallel and 
perpendicular components (J), respectively, and 
are net contributions of the aromatic monolayer 

55 (after subtracting the spectral contributions of the 
anchoring monolayer and the Si substrate). For the 
sake of clarity, the spectral regions 1800cm' 1 to 
1500cm~ 1 and 3050 cm' 1 to 2750cm" 1 are shown 
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at different scales, in Fig. 12(a) and 12(b), respec- 
tively. The aromatic vibration modes at 1605 cm -1 
and 1587 cm~\ pointing in the direction of the para 
substituents, are present in the polarization mode 
having both in-plane and out-of-plane components, 
while they are very weak, or not detectable at all. in 
the polarization parallel to the surface. On the other 
hand, the chain (-CIV) stretch modes around 2900 
cm -1 appear with almost equal intensities in both 
polarizations, as expected for such vibrations par- 
allel to the surface, corresponding to a perpendicu- 
lar orientation of the chains [see R. Maoz and J. 
Sagiv, J. Colloid Interface Sci. 100, 465 (1984)]. 

The layer-by-layer growth in thickness of 4- 
layer superlattices of perpendicularly oriented AA- 
Ag* and BO-Ag* was demonstrated by UV-Vis 
spectroscopy, as shown in Figs. 13 and 14, respec- 
tively. 

These AA and BO chromophoric superlattices 
were constructed as non-centrosymmetric struc- 
tures, with polar axes pointing along the normal to 
the layer planes. Polar films of this type are ex- 
pected to display piezo and pyroelectricity as well 
as non-linear optical effects, such as second- 
harmonic-generation (SHG). Preliminary SHG mea- 
surements confirmed this expectation, also provid- 
ing additional evidence for the preferential per- 
pendicular orientation of the chromophores in these 
AA-Ag* and BO-Ag* muftilayer structures. 

Construction of the AA-Ag* Multilayer Struc- 
tures shown in Fig. 6 proceeded as follows. Syn- 
thetic quartz slides (Westdeutsche Quarzschmelze, 
synsil poliert, 37.5x12x1 mm) were activated 
(cleaned) for adsorption by 30 minutes extraction 
with boiling toluene in Soxhlet extractor, followed 
by 10-20 minutes exposure to argon plasma in a 
RF discharge apparatus. • The anchoring silane 
monolayer was prepared via the KMnO* -crown 
ether oxidation of the terminal double bonds of a 
Ci9-silane-terminal double bond monolayer, using 
the following procedure: 

The silane monolayer was adsorbed on the 
activated quartz slide from a 2.0 x 10~ 1 M solution 
of 18-Nonadecenyltrichlorosilane (NTS) in BCH at 
ambient temperature, by repeating 3 times an 
adsorption-extraction cycle consisting of 15 min- 
utes immersion in the silane solution followed by 
10 minutes extraction with boiling toluene in a 
Soxhlet extractor, after which the slide was sub- 
jected to 4 cycles, each consisting of 8-12 hours 
immersion in the silane solution and 15 minutes 
Soxhlet extraction with toluene, and final Soxhlet 
extraction with toluene for 30 minutes. The silane 
solution was replaced with a freshly prepared solu- 
tion after each of the adsorption cycles. This thor- 
ough adsorption-extraction process ensured forma- 
tion of very reproducible, high quality silane mon- 
olayers, in terms of the perfection of surface cov- 



erage and regularity of molecular orientation and 
packing, as well as the layer's resistance to desor- 
ption by various solvents. Such high quality NTS 
monolayers display very high characteristic contact 
5 angles: 50 # for BCH, 48' for HD, 104* for H 2 0, 
no hysteresis. The above described procedure, in- 
volving extraction with boiling toluene, for the pro- 
duction of high quality silane monolayers is ap- 
plicable to substrates such as glass, quartz, silicon, 
io metals, but not to ZnSe, from which silane layers 
are partially desorbed upon prolonged exposure to 
boiling toluene. In such cases, rinsing with toluene 
at ambient temperature should be applied. 

The slide coated with the silane monolayer was 
75 immersed for 10-12 hours in a 1.0 x 10~ 3 M 
benzene solution of equimolar quantities of KMnO* 
and dicyclohexano-18-crown 6 (Sigma, 98%) at 
ambient temperature, after which it was rinsed with 
toluene, followed by 10 minutes Soxhlet extraction 
20 with boiling toluene. This reaction-rinse-extraction 
cycle was repeated for additional three times (total 
reaction time - about 44-48 hours), each cycle 
starting with a fresh KMn04-crown ether solution. 
Finally, the slide was immersed for 10 minutes in a 
25 5% solution of HCI in double distilled water at 
ambient temperature, followed by 10 minutes Sox- 
hlet extraction with boiling toluene. The characteris- 
tic contact angles measured on freshly prepared 
carboxylate (-COO~K*) outer surfaces prepared by 
30 this procedure are 0* (wetted by all three liquids), 
and on carboxylic acid (-COOH) surfaces -40 * for 
H2O (no hysteresis), and 0* for BCH and HD. 

The first AA layer was deposited on the ac- 
tivated anchoring silane monolayer by the following 
35 2-step process: (1) immersion of the slide for 1 
hour in a 5 x 10" 3 aqueous solution of Ag -p- 
toluenesurfonate Ag*-PTS, Aidrich. 99 + %) at am- 
bient temperature, followed by (2) immersion for 10 
minutes in a 5 x 10~ 4 M solution of p-Anisic Acid 
40 (BDH, 99 + %) in BCH/CHCb (2% CHCI3) at am- 
bient temperature. Additional AA layers were ad- 
sorbed on top of the first deposited layer in a 
similar fashion, the adsorption time of Ag -PTS 
being, however, equal to that of AA (10 minutes). 
45 A number of other model superlattice struc- 
tures with organic chromophores and inorganic 
metal ions have been constructed, including: struc- 
tures similar to those of Figs. 6 and 7, but with 
methyl orange [4-(4-dimethylaminophenylazo) ben- 
50 zenesulfonic acid] (MO) instead of BO; similar 
structures, but with silver benzoate or AgN03, in- 
stead of Ag*-PTS, as silver ion carrier; similar 
structures, where the anchoring monolayer is a 
long chain silane with a terminal thiol (-SH) func- 
55 tion; similar structures, but with Cu 2 , Cu , or Fe 3 
ions rather than Ag*; BO-Ag* multilayers assem- 
bled from either organic or aqueous solutions of 
BO, with aqueous Ag*-BO species serving as the 
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silver ion carrier (i.e., the layer deposition process 
proceeding through alternate immersions in aque- 
ous solutions of the Ag -BO salt and organic or 
aqueous solutions of the neutral BO); multilayers of 
4-vinyl benzoic acid or 4-vinyl benzene sulfonate 
and Ag* (with the Ag* ion adhering to the outer 
vinyl functions through formation of the Ag - 
ethylenic double bond complex); multilayers of p- 
terephthalic acid and Fe 3 ; superlattices in which 
AA-Ag* layers alternate with p-nitroaniline-AI 3 - 
* layers, with the aluminum ion introduced from 
aqueous solution of AlCh; multilayers of AA-Cu 
formed on ZnSe without the need of an anchoring 
monolayer, i.e., through direct ionic bonding of the 
first deposited AA monolayer to the ZnSe surface, 
as the Zn 2 *-AA salt, AA-Ag* multilayers as in Fig. 
6, but constructed on a silver metal surface, without 
an anchoring monolayer. 

Additional examples of superlattices containing 
organic chromophores and inorganic ions, that can 
be produced by chemically controlled self-assem- 
bly are listed below: Disk-like aromatic molecules 
such as benzene, coronene, pyrene, naphtodianth- 
racene and their derivatives, porphyrine and deriva- 
tives, phthaiocyanine and derivatives, crown ethers, 
and many others, may be used as components in 
superlattices with intercalated metal ions. The bind- 
ing of the metal ion to flat aromatics of this kind will 
be via complexation and/or salt formation with the 
aromatic rings themselves and/or their substituents. 
Such disk-like chromophores play the double role 
of both their own binding functions and latent bind- 
ing functions, their symmetry forcing them to adopt 
a flat orientation on the surface, i.e., with the ar- 
omatic planes parallel to superlattice layer planes. 
Other possibilities include the use of cation ic or- 
ganic ■ chromophores, such as anilinium or 
pyridinium species and their derivatives, with intra 
and/or interlayer inorganic anionic species. Struc- 
tures made of ionic chromophores of both cationic 
and anionic type, with or without the participation of 
inorganic counter ions, are also possible. Finally, 
construction of a large variety of chromophoric 
superlattices combining different organic 
chromophores and inorganic ionic species, in var- 
ious mixed or intercalated configurations, is fea- 
sible through chemically controlled self-assembly. 

Example 3: Superlattice Structures Combining Or- 
ganic Molecules with Inorganic Semiconductor and 
Metal Components 



The composite superlattices suggested by Fig. 
1 5 serve to illustrate the general principles involved 
in the assembly of such organic-semiconductor 
and related structures. There are, of course, many 
other possible chemical routes complying with the 
general requirements of chemically controlled self- 



assembly which can be employed in the construc- 
tion of various superlattices of this kind. A large 
variety of semiconductor and organic materials 
may be employed as well as chemical procedures 
s for the coupling of the organic and the inorganic 
species. 

For example, utilization of cyclic or poly cyclic 
aliphatic compounds such as derivatives of ad- 
amantane, instead of long chain amphiphiles, is 
w possible. Sulfur may be coupled to hydrocarbons 
through any useful synthetic route leading to the 
formation of thiols, sulfides and disulfides, such as 
the photo-addition of thioacetic acid to terminal 
double bonds followed by reduction with LiAlHU, or 
is substitution of terminal halide atoms (CI, Br) by 
-SCN, or by thioacetic acid, followed by reduction 
with LiAlhU. Cadmium ions may be replaced by 
Zn* or Ag*, leading to the formation of zinc 
sulfide or silver sulfide species, sulfur may be 
20 replaced by Se or Te, resulting in the respective 
selenides or telurides, and so on. Utilization of 
chromophoric species such as vinyl benzene 
(styrene) derivatives is also possible, leading to 
superlattices with intercalated semiconductor and 
25 organic layers of chromophores. Finally, the build- 
up process of Fig. 15 may be reversed, by first 
binding the metal ion to a suitable organic mon- 
olayer and then attaching the selected chal- 
cogenide or other inorganic anionic species. 
30 By analogy with the build-up process of Fig. 
15, replacing the semiconductor by pure metal 
layers will result in analogous superlattices with 
combined organic and metallic constituents. This 
may be achieved by the chemical, photochemical 
35 or electrochemical reduction of layers of the de- 
sired metal ion, using any suitable reducing agent. 
For example, Ag* ions bound to an organic layer 
by complexation with double bonds, halide atoms 
or aromatic moieties, or as salts of anionic moieties 
40 such as carboxylates (-COO") or sulfides (-S~), 
may be reduced photochemically to the Ag° metal 
by exposure to electromagnetic radiation in the 
visible- UV-X ray regions, or by reaction with an 
aldehyde or any other suitable reducing agent 
45 (such as those usually employed in the photo- 
graphic image development), or by electrochemical 
means, provided the superlattice is electrically con- 
ducting or is constructed on an electrically con- 
ducting substrate. Similar electroless or electro- 
50 chemical reduction processes may be applied to 
the controlled deposition of monolayers of Au, Cu, 
or any other metal of interest. 

One-by-one deposition of monolayers of a se- 
lected metal species is achieved by adsorbing a 
55 new layer of the metal ions onto the last layer of 
reduced metal, reducing this new layer of ions by 
an analogous reduction procedure, and repeating 
these adsorption and reduction steps until the de- 
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sired metal film thickness, or number of superim- 
posed metal monolayers, is achieved. In such met- 
al deposition processes one may identify the re- 
duction step with the chemical "trigger" operation 
of Fig. 2. The conversion of each monolayer of 
metal ions to the respective metal element is re- 
quired to promote the adsorption of a new layer of 
metaJ ions on top of it. Intercalation of metallic 
layers of interest with organic layers of selected 
species results in composite superiattices combin- 
ing layers of various organic molecules and metal 
elements. Superlattice structures of higher struc- 
tural and compositional complexity may be ob- 
tained by intercalating layers of selected metals, 
semiconductors and organic species. 

In one experiment a tri layer structure consist- 
ing of one layer of CdS intercalated between 2 
organic layers of long chain amphiphiles (with 19 
and 18 carbon atoms, respectively), was construct- 
ed on a quartz slide. This is evidenced by UV and 
IR spectra taken after each step during the deposi- 
tion of these layers (Figs. 16 and 17), as well as by 
the corresponding contact angles (see below). The 
IR data (Fig. 16) provide quantitative evidence for 
the presence of the organic layers, while the UV 
spectra (Fig. 17) clearly indicate the sequential 
introduction of the sulfur and cadmium species. As 
expected for an uKrathin, possibly discontinuous 
layer of CdS species, the UV spectra in Fig. 17 
differ from the characteristic spectrum of the bulk 
semiconductor. Thus, the curves in Fig. 17 are 
considerably blue- shifted relative to that of the 
bulk CdS (adsorption onset at ca. 540 nm), pointing 
to a possible quantum-size effect similar to that 
observed with small colloidal particles of this ma- 
terial. 

In this experiment, a Cie-silane-terminal double 
bond (NTS) monolayer was adsorbed on an ac- 
tivated quartz slide from a solution of NTS in BCH 
using the same procedure as described above in 
connection with the preparation of the anchoring 
silane monolayer of AA-Ag multilayer of Fig. 6. 

The monolayer coated quartz slide was intro- 
duced in a quartz tube connected to a cylinder of 
pure H2S gas (Matheson), purged for approximate- 
ly 10 minutes with H2S, and then irradiated for 
about 2.5 hours with a UV lamp producing radiation 
at a wavelength of 254 nm, while maintaining posi- 
tive pressure of H2S in the quartz tube during the 
UV radiation. A thin layer of bulk sulfur was depos- 
ited on the slide, becoming visible to the eye by 
the end of the irradiation period. The slide was then 
rinse 1 in cold toluene, to remove the bulk sulfur 
coating, and finally extracted for approximately 15 
minutes with boiling toluene in a Soxhlet extractor. 

Cd 2 * ions were attached to the H 2 S-reacted 
monolayer surface by immersing the slide for 30 
minutes in a 1.0 x 10~ 3 M solution of Cd 2 * -acetate 



(BDH, Analar) in double distilled water, at ambient 
temperature. 

Finally, a Cib -thiol monolayer was adsorbed on 
the Cd 2 * -treated surface by immersing the slide for 

5 10 minutes in a 5.0 x 10" 3 M solution of n-oc- 
tadecylthiol (Fluka, 95%. twice recrystallized from 
methanol) in BCH at ambient temperature, followed 
by rinsing with cold toluene. 

Characteristic contact angle variations, as ex- 

10 pected from the specific changes in chemical con- 
stitution and polarity of the exposed outer film 
surface, were measured after each adsorption 
and/or reaction step during the construction of this 
trilayer structure as follows: 

75 Initial Ci 9 -silane-terminal double bond monolayer: 
BCH: 51*; HD: 47'; H 2 0: 105-103* , no hys- 
teresis. 

hfeS-reacted monolayer: 

BCH: 0* ; HD: 0* ; H2O: 35* , no hysteresis. 
20 Cd 2 * -treated monolayer: 

BCH: 0 # ; HD: 0 * ; H2 O: 56 \ no hysteresis. 
Trilayer structure (after deposition of the C1 s -thiol 
monolayer): 

BCH: 52° ; HD: 46* ; H2O: 113* , no hysteresis. 

25 

Example 4: Post-Assembly Intercalation and/or 
Chemical Modification 

Post assembly intercalation is illustrated below 

30 with a simple example comprising intercalation of 
mobile metal ions into a hydrogen-bonded mul- 
tilayer structure with fixed carboxylic acid (-COOH) 
groups in the interlayer planes (Rg. 18). Fig. 19 
illustrates IR spectra showing quantitative conver- 

35 sion of the free -COOH groups into carboxylates (- 
COO") of Na*, Cu 2 \ and Fe 3 *, upon immersion of 
the initial superlattice into aqueous solutions of the • 
respective ions. No change in the C-H vibrations of 
the hydrocarbon chains was observed [Fig. 19(1)], 

40 pointing to the overall high structural stability of the 
initial superlattice upon exchange of the mobile 
ionic species. This conclusion is further corrobo- 
rated by the constant contact angles measured on 
the outer film surface, before and following ion 

45 intercalation. 

Hydrogen-bonded superiattices of the kind de- 
picted in Figs. 18 and 19 have been assembled 
using two different synthetic routes: 

50 (a) Slow Buitd-Up Process 

This process is similar to that described before 
in connection with Figs. 3(g) and 4 described 
above. However, the present process takes place 
55 under conditions leading to the formation of inter- 
layer hydrogen bridges rather than covalent silane- 
ester linkages. The particular mode of interlayer 
bonding adopted by the system is determined, in 

14 
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this case, by the hydrophilicity/hydrophobicity of 
the outer exposed carboxylic acid layers. Thus, 
final rinse of the outer -COOH layer with H2O, 
before adsorption of the next sitane layer, induces 
very fast siloxane (-Si-O-Si-) polymerization, taking 
only seconds, with formation of interlayer hydrogen 
bridges, while extraction with toluene, causing 
moderate hydrophobicrry of the outer -COOH layer, 
results in a slower siloxane polymerization, taking 
several minutes, with the concomitant formation of 
covalent ester interlayer bonds. 

(b) Fast Build-Up Process 

Rapid conversion of monolayer terminal double 
bonds to terminal carboxylic acid functions is con- 
veniently achieved by the FeCb -catalyzed photo- 
oxidation of the double bonds, with O2 in aqueous 
FeCb. In a typical procedure, the mono/multilayer 
covered substrate is immersed in an oxygen-satu- 
rated aqueous solution of FeCb (1.0 x 10" 3 M) at 
ambient temperature and then irradiated for 1-3 
minutes with a halogen lamp (visible light) under 
continuous bubbling of pure 02 gas. The resulting 
Fe 3 -carboxylate functions are converted to the 
free acid (-COOH) by immersion in concentrated 
aqueous HCI for several seconds. Finally, the reac- 
ted surface is rinsed with pure water and dried in a 
stream of clean nitrogen or argon. Irradiation with 
other visible or near-UV light sources, including 
natural sun light, or a "black light" (RUL-3500 
Angstrom) lamp, gives similar results. The use of 
air instead of pure O2 is also possible, but results 
in a somewhat slower reaction. 

Carboxylic acid outer surfaces produced by 
this procedure are suitable for fast formation of 
polymerized hydrogen-bonded si lane monolayers, 
as described above. The self-assembly of such 
silane monolayers is complete within seconds fol- 
lowing immersion of the coated substrate into the 
solution of the selected monolayer-forming silane. 

Hydrogen-bonded multilayer structures such as 
those depicted in Fig. 18 have been successfully 
assembled by this fast photo-oxidation fast mon- 
olayer formation process at a rate of less than 5 
minutes per monolayer. The process involves sim- 
ple preparative conditions, and is easily adaptable 
to automation as well as large scale production. 

Both the formation of hydrogen-bonded silane 
monolayers and the process of ion intercalation 
proceed through mechanisms involving lateral diffu- 
sion of mobile species over the entire available 
surface area of the solid substrate. This eliminates 
the need for complete immersion of the substrate 
in the respective solutions, identical final results 
being obtained by merely touching the solution 
with one edge of the substrate and using the 
solution/substrate contacts established along the 



immersed substrate edge. This feature is particu- 
larly important in the application of the present 
superlattice materials in uses such as microch- 
romatography and electrophoresis, microsensor de- 
5 vices, and simitar applications. 

Additional Examples of Post-Assembly 
Intercalation/Chemical Modification Processes 

to A series of intercalation experiments, including 
ions uptake, extraction and exchange, were con- 
ducted with hydrogen-bonded superlattices of the 
kind depicted in Fig. 18 using various ions, such as 
Na\ k\ Ag\ Cu 2 \ Fe 3 *, AJ 3 *, organic cyanine 

15 dyes (cationic). 

The results indicate remarkable qualitative dif- 
ferences between the uptake rates of the various 
tested ions. For example, complete conversion of 
the free -COOH functions into the respective metal 

20 carboxylates, over a film length of approximately 5 
cm above the substrate contact line with the solu- 
tion of the metal ion, was found to require approxi- 
mately 3 hours for K*. approximately 50 minutes 
for Na\ about 10 minutes for Fe 3 , a few minutes 

25 for Al 3+ , and seconds for Cu 2 or Ag . 

Reversible exchange of ions between inter- 
calated and solution species was also easily ac- 
complished, the process depending on the nature 
of the counter ions (anions) found in solution. For 

30 example, the exchange of intercalated Ag with 
Cu 2 * from an aqueous Cu(N03)2 solution is very 
fast, while practically no exchange occurs with 
Cu 2 from aqueous Cu(Ac)2. Diffusion of ions into 
and out of2xthe superlattice interlayer spaces is 

35 blocked, in this case, by the formation of a thin 
barrier of insoluble silver acetate at the 
superlartice-solution boundaries. 

The feasibility of "superlattice-within-superlat- 
tice" formation has been tested with a complex 

40 system comprising an initial hydrogen-bonded 
superlattice of the kind depicted in Fig. 18, which 
has been successively exposed to aqueous solu- 
tions of glucose and Ag -p-toluenesulfonate (Ag - 
PTS). 

45 IR spectral data collected after completion of 

each of the above operations indicate discrete, 
layer-by-layer, uptake of glucose and silver ions, 
with the apparent layer-by-layer reduction of Ag to 
metallic silver and the corresponding oxidation of 

50 interlayer incorporated glucose. The alternate up- 
take of glucose and silver ions falls within the 
general definition of a chemically controlled self- 
assembly process (Fig. 2), as each new layer of 
glucose is added only following the deposition of a 

55 layer of silver ions, and vice versa. Both glucose 
and silver layers are intercalated into the interlayer 
spaces of the initia!035Xsuperlatticethe overall pro- 
cess thus involving sequential post-assembly inter- 
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calation combined with further chemical modifica- 
tion through the redox reaction of the intercalated 
glucose and Ag species. 

A large variety of complex intercalation pro- 
cesses is feasible, using complex superlattices and 5 
more than one intercalate species. For example, 
cations, anions and neutral species may be si- 
multaneously intercalated into various predeter- 
mined inter layer spaces of the initial superlattice, 
according to the nature of fixed ionizable groups to 
and the specific chemical affinity of other fixed 
chemical moieties, neutral or charged, present in 
the respective spaces. Simultaneous as well as 
sequential intercalation from one or more fluid 
and/or solid phases is also possible. is 

Further examples of post-assembly chemical 
modifications of composite superlattices are the in 
situ generation of metal or semiconductor layers of 
thT types mentioned above, the present process 
allowing simultaneous conversion of all superlattice 20 
layers, or a selectable portion thereof, into the 
desired product, rather than its step-by-step gen- 
eration, as described above. Thus, intercalated 
metal ions such as Cd 2 *, Zn 2 \ Cu 2 *, Ag*, and 
others, may combine with H 2 S, S 2- , HS*, or similar 25 
Se or Te species diffusing from an outer liquid, gas 
or solid phase, to form the respective sulfides, 
selenides or telurides simultaneously in all metal 
ion-containing layers of the superlattice. 

Similarly, metal layers, such as Ag, may be 30 
produced by the simultaneous reduction of any 
number of Ag* -containing layers of a preassem- 
bled superlattice into the free metal element. As 
described above, the reduction may be carried out 
photochemically, electrochemically, or chemically, 35 
with reducing agents diffusing into the Ag super- 
lattice layers, or via electron transfer from reducing 
agents located in adjacent layers of the superlat- 
tice, or reducing agents located in an outer fluid or 
solid medium, including the superlattice substrate. 40 

While the invention has been described with 
respect to a limited number of preferred embodi- 
ments, it will be appreciated that many variations, 
modifications and other applications of the inven- 
tion may be made. 45 
Where technical features mentioned in any claim 
are followed by reference signs, those reference 
signs have been included for the sole purpose of 
increasing the intelligibility of the claims and ac- 
cordingly, such reference signs do not have any 50 
limiting effect on the scope of each element iden- 
tified by way of example by such reference signs. 

Claims 

55 

1. A controlled self-assembly process for the pro- 
duction of a composite organic-inorganic 
superlattice structure attached to a solid sub- 
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strate, said structure comprising discrete mon- 
olayers of organic, inorganic and/or organic- 
inorganic species, the method comprising: 

(a) forming a first discrete monolayer on the 
solid substrate by spontaneous 
adsorption/chemisorption of the layer con- 
stituents from an adjacent fluid, under con- 
ditions preventing self-adherence of the lay- 
er constituents on top of said first mon- 
olayer; and 

(b) triggering sequential deposition of addi- 
tional discrete monolayers in a discontinu- 
ous, stepwise manner, each layer being 
formed by spontaneous 
adsorption/chemisorption of the layer con- 
stituents from an adjacent fluid, such that in 
each step self-adherence of the layer con- 
stituents on fop of the respective layer is 
prevented. 

2. A process according to claim 1 wherein the 
triggering is accomplished by modifying the 
chemical nature of a latent binding function of 
the exposed outer surface of the last deposited 
layer into an active binding group enabling the 
adsorption/chemisorption on top of it of an 
additional discrete monolayer of a desired spe- 
cies. 

3. A process according to claim 1 wherein the 
triggering is accomplished by alternating the 
deposition of layers of different species such 
that the species have adequate affinity to each 
other so that the exposed outer surface of a 
monolayer of one of the species enables the 
adsorption/chemisorption on top of it of an 
additional discrete monolayer of the other spe- 
cies. 

4. A process according to claim 3, wherein the 
modification of the exposed outer surface of 
the last deposited layer is effected by any 
operation or sequence of operations involving 
a chemical, photochemical, or electrochemical 
process or reaction, including those mediated 
by chemical reagents, electrical current, elec- 
tromagnetic radiation, electric or magnetic 
field, electron or ion beams, electric discharge, 
or plasma of any type, or ion/molecular ex- 
change processes, adsorption/chemisorption 
processes, change of temperature or pressure, 
or change in the nature of the solvent or of its 
composition. 

5. A process according to any of claims 1 to 4 
wherein at least one of the monolayers is 
formed from an amphiphilic molecule having a 
polar binding group and a non-polar latent 
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binding function or from an organic 
chromophore. 

6. A process according to any of claims 1 to 5 
wherein at least one of the monolayers com- 5 
prises a metal ion, a superconductor, or a 
metal species. 

7. A process according to claim 1, further, com- 
prising: 10 

intercalating distinct chemical species be- 
tween the layers of the initial superlattice. 

8. A process according to claim 8, wherein the 
composite superlattice is further modified by is 
one or more chemical, photochemical, or elec- 
trochemical transformations or reactions. 

9. Composite organic-inorganic superlattices ob- 
tained by a process according to any of claims 20 
1 to 8. 

10. Use of a superlattice as claimed in claim 9 or 
produced by a process according to any of 
claims 1 to 8 in electronic, optical or optoelec- 25 
tronic applications. 
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